NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 



REPORT No. 494 

A FLIGHT INVESTIGATION 
OF THE LATERAL CONTROL CHARACTERISTICS 
OF SHORT WIDE AILERONS AND VARIOUS 
SPOILERS WITH DIFFERENT AMOUNTS 
OF WING DIHEDRAL 

By FRED E. WEICK, HARTLEY A. SOULE, and MELVIN N. GOUGH 




1934 



For sale by the Superintendent of Documents, Washington, D.C. ............ Price 10 cents 



AERONAUTIC SYMBOLS 

t. FUNDAMENTAL AND DERIVED UNITS 



w, 
g, 

m, 

i, 



s, 

S WJ 

G, 

b, 

c, 

b 1 

S' 

v, 
V, 

L, 
D, 
D 0 , 

Du 
D„ 

G, 
R, 



Length 
Time__ 
Force_. 

Power. 
Speed. 



Svmbol 



/ 
t 

F 



P 
V 



Metric 



Unit 



meter 

second 

weight of 1 kilogram. 



Abbrevia- 
tion 



m 
s 

kg 



horsepower (met. ic) _ 
f kilometers per hour. 
\meters per second. _ 



k.p.h. 
m.p.s. 



English 



Unit 



foot (or mile) 

second (or hour) _ . 
weight of 1 pound 

horsepower 

miles per hour 

feet per second 



Abbrevia- 
tion 



ft. (or mi.) 
sec. (or hr.) 
lb. 



np. 

m.p.h. 
f.p.s. 



gravity = 9.80665 



Weight = mg 

Standard acceleration of 
m/s 2 or 32.1740 ft. /sec. 2 

Mass = — 

9 - r 

Moment of inertia = mfc 2 . (Indicate axis of 

radius of gyration k by proper subscript.) 

Coefficient of viscosity 



2. GENERAL SYMBOLS 

v, Kinematic viscosity 



p, Density (mass per unit volume) 

Standard density of dry air, 0.12497 kg-mr 4 -s 2 at 

15° C. and 760 mm; or 0.002378 lb.-ft." 4 -sec. 2 
Specific weight of "standard" air, 1.2255 kg/m 3 or 

0.07651 Ib./cu.ft. 



Area 

Area of wing 
Gap 
Span 
Chord 

Aspect ratio 

True air speed 

Dynamic pressure =\pV 2 



VI 
p—t 



L 



Lift, absolute coefficient C L = 
Drag, absolute coefficient C D =^^ 



Profile drag, absolute coefficient C Do - 

Induced drag, absolute coefficient C D . 

Parasite drag, absolute coefficient (7d p = ^? 

Cross-wind force, absolute coefficient G c 
Resultant force 



3. AERODYNAMIC SYMBOLS 

i W) Angle of setting of wings (relative to thrust 
line) 

Angle of stabilizer setting (relative to thrust 
line) 

Resultant moment 
Resultant angular velocity 

Reynolds Number, where I is a linear dimension 
(e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure at 15° C, the cor- 
responding number is 234,000; or for a model 
of 10 cm chord, 40 m.p.s. the corresponding 
number is 274,000) 
Center-of~pressure coefficient (ratio of distance 

of c.p. from leading edge to chord length) 
Angle of attack 
Angle of downwash 
Angle of attack, infinite aspect ratio 
Angle of attack, induced 

Angle of attack, absolute (measured from zero- 
lift position) 
Flight-path angle 



0. 



C P1 

Ota, 



C_ 



REPORT No. 494 



A FLIGHT INVESTIGATION 
OF THE LATERAL CONTROL CHARACTERISTICS 
OF SHORT WIDE AILERONS AND VARIOUS 
SPOILERS WITH DIFFERENT AMOUNTS 
OF WING DIHEDRAL 

By FRED E. WEICK, HARTLEY A. SOULE, and MELVIN N. GOUGH 
Langley Memorial Aeronautical Laboratory 



722S7— 34 



1 



NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 



HEADQUARTERS, NAVY BUILDING, WASHINGTON, D.C. 

LABORATORIES, LANGLEY FIELD, VA. 

Created by act of Congress approved March 3, 1915, for the supervision and direction of the scientific 
study of the problems of flight. Its membership was incf eased to 15 by act approved March 2, 1929. The 
members are appointed by the President, and serve as such without compensation. 



Joseph S. Ames, Ph.D., Chairman, 

President, Johns Hopkins University, Baltimore, Md. 
David W. Taylor, D.Eng., Vice Chairman, 

Washington, D.C. 
Charles G. Abbot, Sc.D., 

Secretary, Smithsonian Institution. 
Lyman J. Briggs, Ph.D., 

Director, National Bureau of Standards. 
Benjamin D. Foulois, Major General, United States Army, 

Chief of Air Corps, War Department. 
Harry F. Guggenheim, M.A., 

Port Washington, Long Island, N.Y. 
Ernest J. King, Rear Admiral, United States Navy, 

Chief, Bureau of Aeronautics, Navy Department. 
Charles A. Lindbergh, LL.D., 

New York City. 



William P. MacCracken, Jr., Ph.B., 

Washington, D.C. 
Charles F. Marvin, Sc.D., 

United States Weather Bureau. 
Henry C. Pratt, Brigadier General, United States Army, 

Chief, Materiel Division, Air Corps, Wright Field, Dayton, 
Ohio. 

Eugene L. Vidal, C.E., 

Director of Aeronautics, Department of Commerce. 
Edward P. Warner, M.S., 

Editor of Aviation, New York City. 
R. D. Weyerbacher, Commander, United States Navy, 

Bureau of Aeronautics, Navy Department. 
Orville Wright, Sc.D., 

Dayton, Ohio. 



George W. Lewis, Director of Aeronautical Research 
John F. Victory, Secretary 
Henry J. E. Reid, Engineer in Charge, Langley Memorial Aeronautical Laboratory, Langley Field, Va. 



John J. Ide, Technical Assistant in Europe, Paris, France 



aerodynamics 

power plants for aircraft 

materials for aircraft 



TECHNICAL COMMITTEES 



PROBLEMS OF AIR NAVIGATION 
AIRCRAFT ACCIDENTS 
INVENTIONS AND DESIGNS 



Coordination of Research Needs of Military and Civil Aviation 
Preparation of Research Programs 
Allocation of Problems 
Prevention of Duplication 
Consideration of Inventions 

LANGLEY MEMORIAL AERONAUTICAL LABORATORY OFFICE OF AERONAUTICAL INTELLIGENCE 



LANGLEY FIELD, VA. 

Unified conduct for all agencies of 
scientific research on the fundamental 
problems of flight. 



WASHINGTON, D.C. 



Collection, classification, compilation, 
and dissemination of scientific and 
technical information on aeronautics. 



REPORT No. 494 



A FLIGHT INVESTIGATION OF THE LATERAL CONTROL CHARACTERISTICS OF 
SHORT WIDE AILERONS AND VARIOUS SPOILERS WITH DIFFERENT AMOUNTS 
OF WING DIHEDRAL 

By Fred E. Weick, Hartley A. Soul£, and Melvin N. Gough 



SUMMARY 

Flight tests were made to determine the lateral control 
characteristics oj short wide ailerons and spoilers, as a 
consequence of the promise shown in wind-tunnel tests by 
these devices as means of obtaining lateral control, par- 
ticularly at angles of attack above the stall. Several 
forms of spoilers, front-hinge, rear-hinge, plain retract- 
able, and saw-tooth retractable were tested alone and in 
combination with the ailerons. The tests were made with 
several different amounts of wing dihedral so that the 
effect of the yawing moments of the different lateral control 
combinations, which varied, from large negative to large 
positive values, could be evaluated. In conjunction with 
the tests, observations were made to throw some light on the 
feasibility of operating the airplane with two controls 
instead of the present three. 

The short wide ailerons gave no control above the stall. 
The spoilers gave some control in the stalled flying range, 
although the tests showed that for safe operation in this 
range lateral stability as well as lateral control is required. 
The spoilers were unsatisfactory, however, because of a lag 
between the movement of the control surface and the 
response of the airplane. A combination of the ailerons 
and spoilers appears to offer possibility for further de- 
velopment, the spoilers giving control beyond the stall and 
the ailerons by their immediate action covering up the lag 
of the spoilers in the normal flight range. The importance 
of the yawing action of a lateral control system was found 
to increase considerably with increasing dihedral. Large 
positive yawing moments, though an advantage above the 
stall, may be undesirable in the normal flight range 
because they tend to depress the nose of the airplane while 
rolling into steeply banked turns. 

Two-control operation of the airplane in flight was 
found to be feasible with either the rudder and elerafor 
combination or the aileron and elevator combination, but 
it limited the maneuverability and would therefore be 
desirable only with certain types of airplanes. The 
landing characteristics of an airplane with two controls 
have not been evaluated. 



INTRODUCTION 

The present investigation is an extension of a wind- 
tunnel investigation (reference 1) comparing various 
lateral control devices with particular reference to the 
conditions at high angles of attack, where conventional 
ailerons had been known to give unsatisfactory control. 
Some of the control arrangements tested in the wind 
tunnel gave sufficiently promising rolling and yawing 
moments at angles of attack above the stall to warrant 
tests of their effectiveness in flight. 

One such conti^ol arrangement consisted of ordinary 
ailerons of wide chord and short span which, with the 
proper differential movement, gave reasonably high 
rolling moments at angles of attack above the stall, 
together with yawing moments that had small adverse, 
or negative, 1 values with respect to the wind axes but 
favorable, or positive, 1 values with respect to the body 
axes. The wide-chord ailerons, of course, had the dis- 
advantage of high hinge moments, but it seemed 
likely that they might give fairly satisfactory control 
above the stall and that, if they did, some satisfactory 
means might be found for balancing the hinge moments 
and making the control force reasonably light. 
Another control device that seemed promising was the 
spoiler, which consists of a plate raised up from the 
upper surface of the forward portion of the wing. The 
rolling-moment coefficient given by the spoiler was 
found to increase as the angle of attack of the wing 
was increased to the stall (angle of attack for maximum 
lift coefficient), and reasonably high values were main- 
tained to angles fairly well above the stall. The 
spoilers gave very high values of positive yawing 
moment with respect to wind axes, which it seemed 
might be advantageous in that they tend to make an 
airplane yaw or turn in the direction corresponding to 
the roll. Uncertainty existed concerning the effect of 
yawing moments on the lateral control of an airplane 
under various conditions of flight, as to which axes the 

I These signs correspond to the N.A.C.A. standard usage only for the conditions 
of a right-hand turn, which is assumed throughout this investigation. 
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yawing moments should be referred in order to cor- 
respond to the pilot's reactions to the motion of the 
airplane, and as to the direction and magnitude of the 
yawing moments that pilots would consider most 
desirable. 

The present tests were made to determine the char- 
act eristics of the short wide ailerons and spoilers in 
Bight and also to throw some light on the effect of the 
yawing moments produced by lateral control devices. 
The ailerons were given different movements that gave 
yawing moments ranging from extremely adverse ones 
to only slightly adverse ones, with respect to the wind 
axes. The spoiler and aileron combination and the 
spoiler alone gave positive values of yawing moment 
of different magnitudes. As the effect of the yawing 
moment is coupled with the rolling characteristics of 




the airplane in yaw, the tests were made with the 
wing set at various amounts of dihedral from 0° 
to 9°. 

The tests were mainly of a qualitative nature, the 
pilots following a standard program of tests with each 
control arrangement at each dihedral angle and making 
notes of their observations step by step. Where 
peculiar phenomena were noticed, instrument records 
were obtained to check the pilots' observations. 

The standard program of tests was so arranged that , 
in addition to covering the lateral controllability with 
the various control devices under different conditions 
of flight and with various amounts of dihedral, infor- 
mation was obtained on some of the other flying and 
handling characteristics of the airplane. Observa- 
tions were made of the stability with various amounts 
of dihedral and the feasibility (with certain stability 
and control characteristics and under certain condi- 
tions of flight) of using only one lateral control, 
the rudder or the ailerons, instead of both as at 
present. 



A Fairchild 22 airplane was used for the tests. In 
order to obtain a comparison of the short wide ailerons 
and spoilers with a representative example of a con- 
ventional lateral control system, the tests were also 
made with the standard ailerons for this airplane. 

APPARATUS AND TESTS 

The Fairchild 22 airplane used for the tests is a 
small parasol monoplane. Its general appearance is 
shown in figure 1 and its principal dimensions are given 
in the 3-view drawing of figure 2. The standard lateral 
control system for the airplane consists of long-span 
narrow-chord ailerons fitted to the wing of an N-22 
airfoil section that has circular tips and is set at %° 
dihedral (fig. 3). The ailerons are unbalanced and 
have a differentia! motion. 



For tests of the short wide ailerons and spoilers, a 
special wing was used (fig. 4). This wing had the same 
airfoil section as the standard wing, but was made with 
square tips so as to correspond more closely to the 
model used in the wind-tunnel tests of reference 1. It 
was adjustable from 0° to 10° dihedral and was origi- 
nally equipped with short wide ailerons and front- and 
rear-hinge spoilers. The short wide ailerons could be 
operated either with an equal up-and-down movement 
(fig. 4 (a)) or differentially (fig. 4 (b)). With both 
movements the ailerons could be rigged at 0°, as shown, 
or up 10°. The rear-hinge spoilers (fig. 4 (b)) were 
arranged to couple to the differential ailerons so that 
their hinge moments would to some extent balance 
those of the ailerons and reduce the stick force required . 
The front-hinge spoilers (fig. 4 (c)) were operated by a 
special control stick ahead of the main one so that in 
case they did not give satisfactory control the pilot 
would still be able to use the ailerons. The arrange- 
ment also permitted the pilot to operate the front-hinge 
spoilers and ailerons together. 
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During the tests, for reasons noted later, the front- 
hinge spoilers were replaced by retractable spoilers 
(fig. 4 (d)). The area of the retractable spoilers was 
later reduced by the removal of the cross-hatched por- 
tion of figure 4 (d), and finally saw teeth were cut into 
the remaining area (also shown in fig. 4 (d)). The 
mechanical linkage of the differential ailerons and the 
rear-hinge spoilers was modified to give a movement of 
17° up and 5° down to the ailerons and 14° to the 
spoilers. The rear-hinge spoilers were also modified by 
reducing the area as shown on figure 4 (a). The move- 
ment of the control surfaces relative to the control 
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Figure 2.— Three-view drawing of Fairchild 22 airplane. 

stick for all control arrangements with the exception 
of the retractable spoilers, where the movement was 
similar to that for the front-hinge spoilers, is shown in 
figures 5 to 9, inclusive. 

The tests with the special wing were made at 0°, 3°, 
G°, and 9° dihedral. As a result of the various modifi- 



cations made during the tests not all of the control 
devices were tested with each dihedral. Table I shows 
the various an-angements and the dihedral angles at 
which they were tested. 

The tests consisted of a standard series of maneuvers 
designed to show qualitatively the stability and lateral 

A97" 
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IF 
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Figure 3.— Standard wing for Fairchild 22 airplane. 

control characteristics of the airplane and were per- 
formed with the various control devices and with the 
various amounts of dihedral, the pilots making notes 
on mimeographed forms provided for the purpose. 
(See forms A to E, inclusive.) The forms A, B, and 
C, covering the stability characteristics and the roll 
due to the rudder, were filled out once for each dihedral 
angle. Forms D and E were filled out for each different 
control arrangement at each dihedral tested. For each 
condition form E was filled out three times; once for 
normal three-control turns, once for turns made with 
only the elevator and rudder, and once for turns made 
with only the elevator and the particular lateral control 
device being tested. 

Table I. — Dihedral angle corresponding to different control 
arrangements 



Wing 



Standard . 
Special . 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 



Do. 



Lateral control arrangement 



Dihedral 
angle, 
degrees 



Ailerons 1 original differential 

Ailerons 2 equal up-and-down— rigged 0° 

Ailerons equal up-and-down— rigged 10° up 

Ailerons original differential— rigged 0° 

Ailerons original differential— rigged 10° up 

Ailerons modified differential— rigged 0°... 

Ailerons modified differential— rigged 10° up 

Ailerons original differential— original rear-hinge spoilers | 0. 
Ailerons modified differential— reduced rear-hinge spoilers. 

Front-hinge spoilers 

Long plain retractable spoilers - 

Short plain retractable spoilers 

A Herons-modified differential— short plain retractable 
spoilers. 

Saw-tooth retractable spoilers 



3, 6, 9. 



3, 6. 
3. 6, 9. 

3, 6, 9. 



3, 6, 9. 
3, 6, 9. 



1 Long narrow ailerons. 

2 Short wide ailerons on ali arrangements with special wing. 
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The tests were made by two pilots 2 but in only a few 
cases did they both fly the same arrangement of the 
control system with the same dihedral, the necessary 
checks being obtained by the correlation of the data 
for a given condition with the remainder of the data. 
Where there appeared to be inconsistency in the in- 
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(b) Wide- chord aileron and rear- hinge spoiler. 
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(d) Retractable spoil en 

Figure 4.— Special wing for Fairchild 22 airplane. 

dividual reports the questionable points could usually 
be cleared up by discussing them with the pilots. In 
general, however, the pilots' observations were fairly 
consistent and it seems safe to conclude that all the 



3 One of the test pilots, Melvin N. Gough, is also one of the authors. 



most important results were satisfactorily observed 
but that fine distinctions may be uncertain. 
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Figure 5.— Relative movement of the standard ailerons. 



In a few cases in which a peculiar characteristic, a 
lag or delay in the response of the airplane to a control 

to 60 r 
to 

5* 




Figure 6. 
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Relative movement of the short wide ailerons, equal up-and-down. 



movement, was noted by the pilots, instrument data 
were taken to obtain more complete information re- 
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Figure 7.— Relative movement of the short wide ailerons, original differential, and 
rear-hinge spoilers. 

garding the phenomenon. For these tests, instruments 
were installed to record simultaneously the position of 
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Form A 



LONGITUDINAL STABILITY 

STATIC— Trim for cruising, and with throttle and stabilizer constant, 
nose airplane over slowly until air speed is 5 miles per hour higher — 

then release control stick. Does nose rise? Repeat, pulling 

stick back until air speed is 5 miles per hour lower than cruising before 
releasing. Does nose drop? 

Trim for throttled glide at above cruising speed ( m.p.h.), and 
push stick forward until speed increases 5 miles per hour, then release 
stick. Does nose rise? 

Repeat, decreasing speed 5 miles per hour. Does nose drop? 

Trim for throttled glide, stabilizer full tail heavy ( m.p.h.), and 
push stick forward until speed increases 5 miles per hour, then release 
stick. Does nose rise? 

Repeat, decreasing speed 5 miles per hour. Does nose drop? 

DYNAMIC— Trim for cruising ( m.p.h.), push .stick forward, 

causing dive, then release it. Do oscillations die? 

How rapidly? 

Repeat, pulling stick back before releasing. Do oscillations die down? 
How rapidly? 

Trim for throttled glide at above cruising speed and push stick forward, 
then release it. Do oscillations die? How rapidly? 

Repeat, pulling stick back before releasing. Do oscillations die down? 
How rapidly? 

Trim for throttled glide, stabilizer full tail heavy ( m.p.h.), and 

push stick forward, then release it. Do oscillations die down? 

How rapidly? 

Repeat, pulling stick back before releasing. Do oscillations die down? 
-. How rapidly? 

Remarks: 



Form B 

DIRECTIONAL STABILITY 

3,000-foot altitude 

From level flight at indicated air speed of miles per hour, perform 
a medium right skid, holding wings level. Release rudder, keeping 
wings level with ailerons, and note motion in yaw: 

Repeat to left. Note motion: 



ROLLING DUE TO RUDDER 

In straight level flight (cruising) at miles per hour, apply full 
right rudder gently and note direction and amount of bank: 

Right wing degrees. 

Repeat with left rudder. 

Right wing degrees. 

Repeat with right rudder moved suddenly. 

Right wing degrees. 

Repeat with left rudder moved suddenly. 

Right wing degrees. 

In throttled glide just unstalled ( m.p.h.) apply full right rudder 
gently and note direction and amount of bank: 
Right wing degrees. 

Repeat with left rudder. 

Right wing degrees. 

Repeat with right rudder moved suddenly. 

Right wing degrees. 

Repeat with left rudder moved suddenly. 

Right wing degrees. 

In throttled glide fully stalled ( m.p.h.) apply full right rudder 
gently and note direction and amount of bank: 

Right wing degrees. 

Repeat with left rudder. 

Right wing degrees. 

Repeat with right rudder moved suddenly. 

Right wing _ degrees. 

Repeat with left rudder moved suddenly. 

Right wing degrees. 



Form C 

LATERAL-STABILITY TESTS 

All to be made from approximately 3,000-foot altitude 

From throttled glide with stabilizer set full tail heavy (elevator free, 
indicated air speed 62 m.p.h.) and rudder balanced, perform the following 
maneuvers: 

(1) Medium slip to right— same air speed. When steady, release all 
controls and note motion: 

Repeat to left. Note motion: 



From level flight at indicated air speed of 62 miles per hour, with sta- 
bilizer adjusted for trim (elevator free) and rudder balanced: 
(2) Medium slip to right — same air speed. When steady, release all 
controls and note motion: 

Repeat to left. Note motion: 



If airplane is unstable in latter run, perform following: From level 
flight at indicated air speed of miles per hour, with stabilizer ad- 
justed for trim (elevator free) and rudder balanced: 

(3) Medium slip to right— same air speed. When steady, release all 
controls and note motion: 

Repeat to left. Note motion: 
Remarks: 



TURNS AND SPECIAL MANEUVERS 

3,000-foot altitude 

Note any peculiarities, including slipping or skidding in the entrance, 
the steady position, or the recovery, in the following turns: 

Controls 



CRUISING miles per hour. 

1. Wide Turn Right 

Left 

2. Medium Turn Right 

Left 

3. Min. Rad. Turn Right 

Left - 

4. Try following straight path in gusty air 



THROTTLED GLIDE, JUST UNSTALLED miles per hour. 

1. Wide Turn Right 

Left 

2. Medium Turn Right 

Left 

3. Min. Rad. Turn Right - - - 

Left _ - 

4. Try following straight path in gusty air 



THROTTLED GLIDE, FULLY STALLED miles per hour. 

1. Wide Turn Right - 

Left. 

2. Medium Turn Right 

Left 

3. Min. Rad. Turn Right - 

Left. 



Try slow roll Right . . 

Left. 
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Form K 

General questionnaire to supplement tests on aileron control 

1. Are ailerons heavy on the ground? 

2. While taxying are thev easily handled? 

Effective? 

3. Is there a possibility of them becoming jammed by foreign 

bodies? 

4. Are the ailerons easy to operate and effective under the 

following conditions: 





Stick force 


Effective- 
ness in roll 


Effect of yaw 
Due to ailerons? 
Desirable? 










Cruising - 








(Hiding just (installed near ground in 








Fully stalled, gliding. 
















Quick maneuvers, such as sharp turns- 















5. Is a sideslip easy to start? Stop? _ 

6. Is a skid easy to start? Stop? _ 

7. Do the ailerons vibrate? Twist? 

8. Any effect on ground loop? 

9. Do you like them? 

Why? 

10. Could you get used to them? 

1 L. Would vou ever like them? 
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Figure 8.— Relative movement of the short wide ailerons, modified differential, 
and rear-hinge spoilers. 

the lateral control device and the rolling velocity of the 
airplane. The test procedure consisted of recording 
the rolling velocity for the first few seconds following 
an abrupt movement of the lateral control device from 
neutral. 

CHARACTERISTICS DESIRABLE IN A LATERAL 
CONTROL SYSTEM 

There is some question as to what characteristics are 
most desirable in a lateral control system and its seems 
advisable to insert the present views of the authors on 



this subject before discussing the results of the flight 
tests. These views are based primarily on a gem raJ 
study of the lateral control problem and the flying 
experience of the two test pilots, but they have also 
been influenced in important respects by the present 
tests. 

ROLLING ACTION 

Rolling moment. — The rolling moment indicates the 
possibility of the pilot's maintaining the airplane on 
an even keel during flight through gusty air and of the 
time required to attain the maximum rate of roll for 
maneuvering. It is probable that the upper limit of 
the value of the rolling moment desired depends only 
on structural considerations and on the reactions of 
the occupants of the airplane to the acceleration pro- 
duced by the moment, although this fact has not been 
definitely established. At the start of the wind-tunnel 
investigation of lateral control devices (reference 1, 




5 10 15 20 25 30 

Stick deflection, degrees Right 
Figure 9.— Relative movement of the front-hinge spoilers. 

part I) a criterion, representing the probable satis- 
factory lower limit, was selected on the basis of the 
acceleration obtained with conventional ailerons at 
10° angle of attack. The value of this criterion cor- 
responds to a lateral movement of the center of pres- 
sure of 7.5 percent of the span. Recent experience 
indicates that this value is likely to be ample for any 
condition of flight that might be encountered, and is 
therefore a desirable value to attain. Where a com- 
promise must be made, however, between the rolling 
moment and some other characteristic of the control 
system, particularly the control force, a decidedh 
lower value of the rolling criterion, possibly as low as 
that corresponding to a lateral displacement of the 
center of pressure of 3 or 4 percent of the span, may 
be used and found reasonably satisfactory for prac- 
tically all conditions of flight. 

Maximum rate of roll. — The maximum rate of roll 
that can be attained with a lateral control device is to 
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some extent an indication of the maneuverability of 
the airplane. This characteristic of the lateral con- 
trol system, however, is in most, although not neces- 
sarily in all, cases directly proportional to the rolling 
moment, so that the two characteristics may generally 
be considered together. Thus, the lower limit for 
the rate of roll may be taken as that accompanying a 
rolling moment giving the desired value of the rolling 
criterion. Conversely, there is apparently an upper 
limit to the desirable rate of roll which will impose an 
upper limit on the rolling moment. The upper limit 
of the rate of roll is taken as that above which pilots 
are not likely deliberately to go because of the practice 
and skill required to stop the rolling velocity, when 
attained, with the airplane in a desired attitude. This 
limit has not yet been definitely established, but is 
believed to have been exceeded in several present-day 
airplanes at and above the cruising speed. 

Additional requirements. — Two further desirable 
characteristics of the rolling action are: First, the 
response of the airplane in roll to any movement of 
the lateral control surface should be immediate, 
any noticeable delay or hesitation in the action be- 
ing objectionable. Second, the action should be so 
graduated that the acceleration and maximum rate 
of roll increase smoothly and regularly as the stick 
deflection is increased. 

YAWING ACTION 

The tests of the present investigation indicate that 
the pilots' observations of yawing action due to the 
lateral control correspond to the yawing moments as 
measured with respect to the wind axis. If the yaw- 
ing moments are of moderate magnitude, their actual 
value and even their direction would appear to be un- 
important within the usual unstalled flight range, 
although it seems probable that an entire absence of 
yawing due to the aileron control would be more 
desirable. Large negative values of the yawing 
moments are known to be undesirable because they 
tend to make the airplane turn away from the desired 
bank, thus introducing a sideslip that results in a rolling 
moment opposing that of the ailerons. The present 
tests have shown that large positive yawing moments 
may also be undesirable in the normal flight range 
because they tend to lower the nose of the airplane 
during the entrance to tight turns. The practical 
importance of the yawing action of the ailerons depends 
upon its relation to their rolling action and to other 
characteristics of the airplane, such as the dihedral of 
the wings. For example, above the stall, if the direct 
rolling action is poor, large positive yawing moments 
may be of considerable assistance in maintaining 
lateral control. 

CONTROL FORCE 

It seems desirable, from the pilot's point of view, 
to have the control force as light as is consistent with 



maintenance of the feel of a definite neutral position, 
and to have increasing deflection of the stick require 
the application of a noticeably increasing force. As 
the rolling action should also be related to the stick 
deflection, an increasing effort on the part of the pilot 
will be required to obtain greater rolling action. It is 
probably desirable also that the ratio of effort expended 
to rolling action obtained should be independent of the 
speed of the airplane; that is, if the effectiveness of the 
lateral control increases with speed, the required stick 
forces should also be heavier at high speeds, so that 
there will be no tendency to overcontrol at these speeds. 
The control force is of great importance in obtaining 
satisfactory lateral control. As shown by the present 
tests, an airplane that requires light control force 
apparently seems much more controllable to a pilot 
than one that requires heavy control force, even though 
for full deflection the heavier control may be consider- 
ably more powerful than the lighter one. 

RESULTS 

LATERAL CONTROL CHARACTERISTICS 

Standard Fairchild 22 ailerons. — The standard 
ailerons of the F-22 are considered by the pilots to be 
representative of good conventional lateral control 
systems. The rolling action they produce is satis- 
factory up to the stall, although it noticeably decreases 
with decreasing air speed. Although the yawing 
action is adverse, it causes no annoyance to the pilots 
in the normal flying range, being evidenced only by a 
slight movement of the nose away from the bank 
before the airplane starts turning in the desired direc- 
tion, and by a momentary increase in the rate of rota- 
tion when the ailerons are displaced for recovery from 
the turn. The required stick forces are light and are 
proportional to the deflection obtained for normal 
maneuvers. For abrupt maneuvers, the forces re- 
quired are definitely heavier. The stick force increases 
with speed, as does the control effectiveness. In 
stalled flight, however, the ailerons give no control, 
rotation continuing in either direction against full 
opposite aileron deflection. 

Short wide ailerons with equal up-and-down move- 
ment, rigged 0°. — With the short wide aileron with 
equal up-and-down movement rigged 0° and with other 
control systems tested on the special wing, excepting 
the saw-tooth spoilers, only the characteristics with the 
wing at 0° dihedral, or at 3° dihedral in those cases 
where tests were not made at 0°, will be considered at 
this point. The effect of dihedral will be treated in a 
later section. Reference to table I will show the 
dihedral angle for the tests of the particular control 
device under discussion. 

The characteristics of the short wide ailerons with 
equal up-and-down movement were, with two impor- 
tant exceptions, generally similar to those of the 
standard ailerons. The decrease in effectiveness as the 
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stall was approached was greater with the short wide 
ailerons, so that the airplane would roll out of steeply 
banked turns against full aileron deflection just below 
the stall, whereas the standard ailerons gave satis- 
factory control up to the stall. The stick forces, as 
expected, were definitely greater with the short wide 
ailerons. In a sideslip it was found that the wide- 
chord aileron on the forward wing tip tended to brail 
up sufficiently to overbalance the inherent banking 
effect of the wings, so that at 0° dihedral a fairly heavy 
force had to be applied to the stick to hold the aileron 
down and to prevent the wing from " digging in." 
Another point, having no connection with the aero- 
dynamic characteristics of the control system, was 
noted: During taxi runs, any roughness of the ground 
caused movement of the ailerons and, because of their 
large unbalanced mass, induced annoying reactions in 
the control column. 

Short wide ailerons with equal up-and-down move- 
ment rigged up 10°, with original differential move- 
ment rigged 0°, and with original differential move- 
ment rigged up 10°. — With the other arrangements 
the short wide ailerons had the same objectionable 
characteristics as previously noted. The progressive 
variation in the yawing action shown by wind-tunnel 
tests was observed in flight. For no arrangement did 
the pilots consider the yawing action positive. Prob- 
ably because the short wide ailerons had the lowest 
yawing moment with differential movement and rigged 
up 10°, this arrangement gave the greatest control near 
the stall, although in no case was the control above the 
stall satisfactory. 

Short wide ailerons with modified differential move- 
ment rigged at 0° and up 10°. — With the modified 
differential movement the short wide ailerons, though 
less powerful for full deflection, were considered super- 
ior to the arrangements of these ailerons previously 
tested because of the lighter stick forces required. 
These forces, however, were still slightly greater than 
those for the standard ailerons. Satisfactory turns 
were made right up to the stall and above the stall 
the control with the modified differential movement 
was about the same as with the original differential 
movement, although the available deflections were less. 

Short wide ailerons with original differential 
movement and original rear-hinge spoilers. — The 
original rear-hinge spoilers did not move appreciably 
until the aileron was deflected 5°. Thus, for maneu- 
vers requiring only small aileron movements, the 
spoilers did not come into action and the control 
was comparable to that obtained with differential 
ailerons alone. When sufficient movement was given 
to the stick to deflect the spoilers, the resultant roll 
was too violent; in addition, the control force changed 
sign after the roll had started so that, whereas it was 
necessary to apply a fairly heavy force to deflect the 
spoilers, an equally large force was required to return 



the stick to neutral. It is worth noting that this 
condition of overbalance was not indicated by the 
usual wind-tunnel tests without rotation. Apparently, 
rotation decreases the hinge moments of the ailerons 
without affecting those of the spoilers. 

The yaw was positive but small with this control 
system. The combination of ailerons and rear-hinge 
spoilers gave definite control above the stall and could 
be used to start or stop rotation of the airplane. 
The airplane, however, was laterally unstable in the 
stalled-flight range and its flying characteristics were 
poor, constant juggling of the lateral controls being 
required to keep the wings level. In this range, con- 
trol depended entirely on the spoilers and was not 
obtained until the stick was deflected enough to operate 
them. The effectiveness of the system did not increase 
smoothly with stick deflection. The greatest increase 
occurred as the spoiler came into operation. Very 
little improvement in the effectiveness was noted 
from this point on to full stick defection. 

Short wide ailerons with modified differential 
movement and reduced rear-hinge spoilers. -Because 
the combination of short wide ailerons and rear- 
hinge spoilers had given fair control above the stall 
an attempt was made to improve its characteristics in 
the normal flying range. Reduction of the movement 
appeared to offer the greatest promise. The previous 
tests had shown that only a small deflection of the 
spoilers was necessary to obtain practically the full 
rolling action of the device. It therefore seemed 
probable that changing the mechanical linkage between 
the control stick and the control surfaces, so that full 
deflection of the stick would give only a small deflec- 
tion of the spoilers, would reduce the stick force and 
make the control system smoother in action without 
appreciable loss in the control effectiveness. With 
the smaller movement the control action was fair. 
The stick forces were lighter but the overbalanced 
condition, although relieved, was still present. The 
spoiler area was then reduced progressively until the 
combination lost its effectiveness beyond the stall, 
although a slight overbalance still remained. 

Front-hinge spoilers. — When the front-hinge spoilers 
were first tried the pilots noticed that the airplane ap- 
parently did not start to roll until the control stick had 
been given a medium amount of deflection, after which 
the rolling velocity suddenly built up to a much higher 
value than had been experienced with any control 
system tested previously; this characteristic made it 
impossible to perform smoothly maneuvers requiring 
the coordination of the spoilers with the elevator or 
rudder and led to overcontrolling when an attempt was 
made to keep the wings level in gusty air. A closer 
inspection of the spoiler action, however, disclosed that 
for any spoiler movement there was an appreciable lag 
or delay between the movement itself and the start of 
the desired rotation in roll of the airplane. No lag 
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was apparent in the yawing action. In order to sub- 
stantiate the pilots' findings, records w r ere made of the 
rotation of the airplane in roll immediately following a 
movement of the stick. A specimen time-history of the 
motion is shown in figure 10, together with similar in- 
formation for the standard ailerons. The records 
showed that the delay before rotation started was of 
the order of a quarter of a second and tha t the final rate 
of roll was about three times as high as that obtained 
with the standard ailerons. The lag was present at all 
speeds. 

The time lag seems surprisingly small to have much 
effect on the control obtained with spoilers, but ap- 
parently it is sufficient to prohibit the use of the spoilers 
close to the ground because of the danger of ovcrcon- 
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Figure 10 — Time-history curves showing the lag characteristics of various control 
systems. Indicated air speed, 50 miles per hour; full control deflection. 

trolling. The system appeared to the pilots to have no 
"graduation" in normal operation. The airplane either 
rolled violently or not at all. When the stick was de- 
flected step by step and held at each position until the 
action occurred, however, the pilots reported that 
control was fairly well graduated, as had been indi- 
cated by the wind-tunnel tests. Even with complete 
knowledge of the rolling characteristics of the spoilers, 
the pilots found it impossible to perform in a satisfac- 
tory manner maneuvers requiring coordination of the 
spoilers with either of the other controls. 

The yawing moments of the spoilers were large and 
positive, as had been expected. Although the lag in the 



rolling action made it difficult to obtain definite obser- 
vations of the positive or favorable yawing action, it was 
noted that when a rapid entry was made into steeply 
banked turns below the stall, the yawing action tended 
to depress the nose of the airplane as soon as an appre- 
ciable angle of bank was attained, and considerable 
trouble was experienced in holding the airplane to the 
desired flight path. The spoilers gave a fair degree of 
control above the stall, probably through action of the 
positive yawing moment. It was impossible to deter- 
mine wiiether the spoilers had lag beyond the stall, 
because of the general instability of the airplane in this 
range. The control force was reasonably light. 

Plain retractable spoilers. — It was considered pos- 
sible that the lag might be reduced by creating a more 
abrupt disturbance of the air flow than that caused by 
the front-hinge spoilers; for this reason they were re- 
placed by spoilers of the retractable type, in which the 
spoiler surface is contained within the wing and moved 
out normal to the wing surface (fig. 4 (d)). The con- 
struction of the wing necessitated that the retractable 
spoilers be mounted forward of the position occupied by 
the front-hinge spoilers. Instrument records from ests 
of this type of spoiler showed that the lag was greater 
than with the front-hinge spoilers, probably because of 
the more forward location of the retractable spoiler; 
also, a definite initial rolling in the wrong direction 
occurred. In other respects, the two types of spoilers 
had about the same characteristics. Removal of the 
outer portion of the spoiler reduced the violence of the 
rolling action. 

Saw-tooth retractable spoilers. — Before the retract- 
able spoilers were rejected as controls to be used by 
themselves, a further attempt was made to eliminate 
lag. By this time, it was evident that the action of the 
spoilers depended almost entirely on their effectiveness 
in breaking down the flow over the after portion of the 
wing and that the objectionable lag was caused by the 
time required to bring about this breakdown. It was 
suggested that with a saw-tooth spoiler, instead of the 
air being deflected upward from the wing, turbulence 
might be set up by the sides of the teeth and that this 
turbulent flow might pass directly along the wing sur- 
face, and cause more rapid destruction of the lift. 

This form of the spoiler was tested at 9° dihedral 
after all other tests had been completed. The lag was 
found to be slightly reduced but the reduction cannot 
be directly attributed to the shape of the spoiler, for 
the dihedral, as is noted later, influences the apparent 
lag of such devices. 

Short wide ailerons with modified differential move- 
ment and plain retractable spoilers. — The combination 
of short wide ailerons with modified differential move- 
ment and plain retractable spoilers had not been in- 
cluded in the original program, although its possibilities 
had been appreciated. It is, in effect, similar to the 
combination of ailerons and rear-hinge spoilers without 
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the direct balancing of hinge moments. The lag of 
the spoilers was in part covered up by the immediate 
action of the ailerons. A slight increase in the rate of 
roll could be noticed when the spoilers became effective, 
but it was not objectionable. The yawing action was 
positive but, of course, less than with the spoilers alone. 
As with the other spoiler arrangements, the system ga ve 
control at angles above the stall. 

EFFECT OF DIHEDRAL 

In order to make an appraisal of the effect of dihe- 
dral on the characteristics of the various lateral control 
systems, it was first necessary to determine the effect 
of dihedral on the stability characteristics of the air- 
plane. It was known that the dihedral principally 
affected the rolling characteristics of the airplane under 
conditions of sideslip. It was not expected that the 
longitudinal stability would be greatly affected by the 
dihedral change and the flight tests showed this to be 
true. The airplane was longitudinally stable with all 
the dihedral angles for the conditions tested and, aa far 
as the pilots could determine, the characteristics were 
the same in all cases. An attempt to separate the di- 
rectional stability characteristics from the more general 
lateral stability characteristics was successful only at 
0° dihedral, where the rolling due to sideslip was small. 
There the tests indicated that the airplane had a fair 
degree of directional stability. 

With 0° dihedral the airplane was definitely unstable 
laterally. When deliberately caused to sideslip in 
either direction, it would turn in the direction of the 
initial slip and spiral indefinitely whether the controls 
were freed or returned to neutral. By an increase of 
the dihedral to 3°, the stability characteristics were 
somewhat improved. In this condition, the airplane 
was unstable only with the controls freed. With the 
controls neutralized the airplane would recover to 
straight flight after a few oscillations. With 6° 
dihedral the airplane was stable both with free controls 
and with the controls returned to neutral. 

The airplane exhibited instability of a different type 
with 9° dihedral and controls free. When sideslip was 
started to the right, for example, and the controls 
freed, the airplane would turn directly to the left away 
from the initial sideslip (whereas with 0° dihedral, it 
had turned into the sideslip) and would commence a 
left nose-down spiral accompanied by a rapidly increas- 
ing air speed. When the controls were returned to 
neutral during a sideslip, the airplane returned to 
straight flight with no apparent oscillation. 

In connection with these tests it was noted that the 
rudder, when freed, had a greater tendency to deflect 
to the right than to the left, thus introducing some 
asymmetry in the motion following a right or left 
sideslip. The reason for this has not been ascertained. 
The observations on the lateral stability previously 
given represent average conditions for the two direc- 



tions of sideslip. It was also observed that in a side- 
slip the wide-chord aileron of the forward wing would 
trail up when the controls were released and stay there 
through all the ensuing motion until straight flight, if 
the airplane were stable, was regained. If the airplane 
was unstable, the ailerons remained in the initial 
position taken, regardless of the form of the instability. 

With the wing set at 0° dihedral the rudder gave 
almost independent directional control, the banking 
due to the yaw produced being very slight when the 
ailerons were held in neutral. Turns could be made 
without the ailerons but they were characterized by 
skidding during entry and sideslipping during recovery, 
the amount depending on the abruptness with which 
the rudder was used. As noted previously, if the ail- 
erons were freed during rudder movements, the trailing 
of the outer ailerons might result in the wing digging 
in and banking in the wrong direction for the turn; a 
deliberate sideslipping therefore required careful han- 
dling of the ailerons. The increased banking effect 
obtained with 3° dihedral eliminated all tendency of 
the forward wing to dig in and made sideslips easier to 
perform. The effect was noticeable also when rudder 
turns were made. Tight, or steeply banked, rudder 
turns, however, were difficult to enter as the airplane 
would nose down during the time taken to roll to the 
desired angle of bank. If an attempt was then made 
to bring up the nose with the rudder, the airplane would 
start sideslipping and would roll out of the bank. The 
airplane always banked in the direction of the turn 
set up by the rudder, whether the ailerons were held in 
neutral or freed. With 6° dihedral, the rudder had a 
powerful hanking effect and it was difficult, with full 
aileron deflection, to hold the wings level for any but 
small amounts of sideslip. The roll that could be 
generated by the rudder at 9° dihedral was so great that 
the rudder had to be handled with discretion and 
sideslipping was practically impossible. With 6° and 
9° dihedral, the airplane showed a progressively greater 
tendency than at 3° to nose down and roll out of rudder 
turns. 

The effect of the dihedral on the control obtainable 
with the different lateral control systems depended on 
the magnitude and direction of the yawing action of 
the control systems. The wind-tunnel tests and the 
previous flights had shown that, of the control systems 
tested with different degrees of dihedral, the short wide 
ailerons with equal up-and-down movement gave the 
largest negative yawing moments. With this control 
system the negative yawing moment, which at 0° dihe- 
dral had offered no difficulty, became increasingly im- 
portant when the dihedral was increased to 3°, 6°, 
and 9°. With 9° dihedral, the rolling moment in- 
duced by the yawing action of the ailerons was prac- 
tically equal to the rolling moment of the ailerons 
themselves. Turns could be made at all dihedral 
angles, however, with only the ailerons and elevator-. 
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The negative } r awing moment was apparent from the 
skidding and sideslipping it caused at the start and 
completion of the turns. With 0° dihedral, opposite 
aileron movement was necessary to force the airplane 
out of the bank at the end of the turn. With the 
higher dihedral angles, the sideslipping set up on re- 
covery from an aileron turn was sufficient in its effect 
to return the wings to level without the necessity for 
application of opposite aileron. The amount of aileron 
and stick deflection necessary w T as considerably greater 
for turns with the larger dihedral angles. At all di- 
hedral angles difficulty w r as experienced in making 
steeply banked turns without the rudder, as the nose 
tended to drop. At the higher dihedral angles, the 
sideslipping accompanying a steeply banked turn in- 
duced a rolling moment large enough to roll the air- 
plane out of the bank against full aileron. 

The change of dihedral had much the same effect on 
the control characteristics of the aileron with differen- 
tial movement rigged both at 0° and up 10° as with the 
equal up-and-down movement. The difference in the 
yawing moment between these various conditions was 
noticeable. The best turning characteristics w r ere ob- 
served with the differential ailerons rigged up 10°. 1 
But even with this arrangement the control was poor | 
at 9° dihedral, a detailed report indicating that at 64 
m.p.h., if the rudder and elevator were fixed in neutral, 
a full deflection of the ailerons would result in a slow 
roll in the desired direction but accompanied bv a 
yawing motion away from the desired turn. After a 
roll of about 10°, the sideslip induced by the yawing 
action resulted in a rolling moment opposed to that of 
the ailerons sufficient to damp out the rolling velocity. 
The airplane would then maintain straight flight, hold- 
ing a yawed and banked attitude. 

The combination of differential aileron and rear- 
hinge spoilers with their small, though negative, yaw- 
ing moment was not much affected by the dihedral 
change, except that at the higher dihedral angles an 
increasing force was required for turning. The yawing 
moment — which does not have the lag in its action as 
does the rolling moment — was an aid to the retractable 
spoilers at the higher dihedral angles, as the roll due to 
the yaw was great enough to eliminate the apparent 
lag with dihedral angle of 6° or more. With the 6° 
dihedral angle the airplane would roll directly on appli- 
cation of the spoilers, but an abrupt increase of roll 
was noticed when the flow over the spoilers broke down 
completely. At 9° dihedral, the lag was not in any 
way noticeable. 

DISCUSSION 

Short wide ailerons. — These ailerons when used by 
themselves gave no lateral control above the stall for 
any arrangements tested. Apparently, the changes in 
the magnitude of the yawing moment that were ob- 
tained by using a differential instead of an equal up- 



and-down movement and by rigging the ailerons up 
10° were not sufficient to influence appreciably the 
control characteristics above the stall. In this con- 
nection it should be noted that, whereas at the start 
of the w T ind-tunnel tests of reference 1 it was thought 
that pilots would base their reactions on the yawing 
moment about the body axes of the airplane, and the 
moments given in the reference report were accord- 
ingly given about the body axes, the pilots' reports 
of the present flight tests show definitely that their 
reactions correspond more closely with what would 
be expected from a consideration of the yawing 
moments about the wind axes. 

In the opinion of the pilots, the wide-chord ailerons 
were distinctly inferior to the standard ailerons. These 
opinions were based primarily on stick forces because 
neither set of ailerons gave control in the stalled-flight 
range, and there was no question of sacrificing part 
of the desirable characteristics in the normal flying 
range to obtain some benefits in the stalled range. 
The stick forces are of such great importance to the 
pilots in judging the relative merits of different con- 
trol systems in which the change of rolling action is 
of relatively small magnitude that the greater rolling 
action expected from the tunnel tests (reference 1) 
for the short wide ailerons was not apparent in the 
flight tests. Evidently the procedure of flight test- 
ing various control systems regardless of the stick 
forces and later balancing the ailerons to obtain the 
desired stick forces is not feasible. In the future the 
relation of stick forces to the rolling and yawing action 
will have to be considered in the initial wind-tunnel 
tests. The pilots also preferred the modified to the 
original differential linkage for the wide-chord ailerons 
because of the decreased stick forces. 

Spoilers. — The spoilers alone were it not for the lag, 
would offer a satisfactory single control in both the 
unstalled and stalled flying range, and it is recom- 
mended that means of reducing the lag be further 
investigated. A possible disadvantage of the spoilers, 
aside from the lag, appears to be their large positive 
yawing moment, because during the roll into abrupt, 
steeply banked turns the yawing action is sufficient 
to lower the nose of the airplane well below the desired 
flight path unless a considerable amount of rudder 
control is used simultaneously away from the direction 
of the turn. An absolute evaluation of the importance 
of this item could not be made on account of the lag, 
but it is very probable that the large positive yawing 
moment may prove detrimental. The yawing moment 
can be considerably reduced, however, by a decrease 
in spoiler area, the present installations giving more 
rolling control than is considered desirable. 

The spoilers, whether used by themselves or in con- 
junction with the ailerons, seemed to be the sole type 
of lateral control device tested that gave any control 
above the stall, possibly because of their large positive 
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yawing moments; the tests showed that the rudder 
also gave a fair amount of control above the stall. 
No definite conclusion can be drawn concerning this 
point, however, as it may be possible that ability of 
the spoilers to give control at high angles of attack 
depends only on the fact that they have no adverse 
yawing moments. If this is true, then of course the lag 
becomes a consideration. The lag beyond the stall 
was not noticed in the flight tests, but other factors 
entered the tests that would have prevented the lag 
from being observed even if present. In this connec- 
tion, the flight tests showed that control beyond the 
stall is not in itself sufficient for safe flying at low 
speeds. 

Apparently the stalling of the wing results in such 
a violent form of instability, not only of the motion of 
the airplane but of the flow as well, that the condition 
is by no means comparable with that of longitudinal 
instability or lateral instability in the normal flying 
range. Beyond the stall, gustiness of the air may 
cause one wing to drop violently and the airplane to 
start into a spin before the pilot has a chance to react. 
With the spoilers, it was possible to stop and reverse 
the rotation simply by crossing the stick; it was ex- 
tremely difficult, however, to stop the rotation when 
the wings were level and to maintain them level for any 
length of time. Attempts at straight flight usually 
resulted in a series of violent oscillations during any of 
which considerable altitude might be lost or the direc- 
tion of flight changed. 

Spoilers in combination with ailerons. — The com- 
bination of spoilers and ailerons shows the greatest 
promise of any of the systems tested. The spoilers 
provided some control at large angles of attack, the 
ailerons, by their immediate action, eliminating the 
apparent lag of the spoilers. 

Although the specific combinations tested were 
unsatisfactory for particular reasons, such as high 
stick forces and overbalance of the rear-hinge spoiler 
and aileron combination, the independent tests of the 
two components showed how the difficulties arose and 
the manner in which they could be treated. As pre- 
viously discussed, the wide-chord ailerons have no 
particular advantage over the narrow-chord ailerons 
and are, moreover, the cause of the high hinge moments. 
The spoilers could therefore be combined with the 
narrow-chord ailerons with no great loss in effective- 
ness and the need for balancing the hinge moments 
would be eliminated. With retractable spoilers of the 
type used in the tests, the line of action of the aerody- 
namic force always passes through the axis of rotation. 
The only hinge moment for this device is attributable 
to the weight of the surface and its supporting mem- 
bers, and if the weight could not be held down to a 
small enough value, mass balances might be used. 
Experience with the special wing has shown that the 
mechanism required for operating one-way systems, 



such as spoilers with their hinge axes at either the 
front or rear edge, leaves much to be desired. With 
the retractable spoilers, a two-directional system, in 
which the spoilers would be flush with the surface 
when the stick was in neutral and one spoiler would 
move into the wing as the other moved out, might 
easily be adapted. A possible disadvantage of the 
retractable spoilers lies in the fact that the gap needed 
in the wing surface near or ahead of the maximum 
ordinate ma} r adversely affect the lift and drag char- 
acteristics of the wing. The yawing moment of the 
combination could be given any practical value, within 
limits, by varying the size and location of the spoiler 
surface. In the event that the positive yaw proved 
not to be necessary for control beyond the stall, the 
yawing moment could be completely eliminated. 

Dihedral. — Increasing the dihedral, as expected, 
increased the roll due to sideslip; the results obtained 
with the increased dihedral, in general, showed that 
this was the only variable of importance. Lateral con- 
trol systems with negative yawing moments are ad- 
versely affected by increasing the dihedral. In the 
present tests with 9° dihedral it has been seen that the 
rolling moment resulting from the yaw was sufficient 
to counteract entirely that of the wide-chord ailerons. 
Even though the rolling moment of the ailerons was 
not entirely counterbalanced at 6° and 3° dihedral, 
increased deflections and consequently increased forces 
were required for normal maneuvering. With the 
spoilers for which the yawing moment was positive, 
the dihedral had considerable effect in reducing the 
apparent lag. At 9° dihedral the rolling set up through 
action of the positive yawing moment was apparently 
sufficient to cover up the lag of the spoilers. This 
statement seems to be a contradiction of the fact that 
with the saw-toothed spoiler, lag was recorded with 
instruments at 9° dihedral. A possible explanation is 
that the lag in the rolling action may depend directly 
on the drag caused by the spoiler — and the plain spoiler 
had considerably more drag than the saw-tooth spoiler. 
Thus, the saw-tooth spoiler may cause considerably 
less yawing than the plain spoiler and have greater 
lag in its rolling action, so that at 9° dihedral, the saw- 
tooth spoiler could still have shown some apparent 
lag, whereas the plain spoilers showed none. The 
rolling due to the rudder was so greatly increased by 
the dihedral that at 9° dihedral steady stalled flight 
was more nearly maintained with use of the rudder 
than with any of the lateral controls. 

The fact that the airplane exhibited spiral instabil- 
ity with 0° dihedral showed that the fin area was too 
large for the dihedral. As the ratio of dihedral to fin 
area was increased, the airplane became laterally 
stable. The optimum dihedral angle tested was 6°. 
With 9°, the dihedral was too large for the fin area 
(rudder free) and instability was again present. In 
I this condition the airplane turned out of the sideslip, 
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maintaining its initial yaw, and spiraled with increas- 
ing speed in the opposite direction. 

The ability to sideslip is important in a conventional 
airplane with a small range of gliding angles and a 
poor field of view ahead and down, as it permits the 
pilot to obtain a better view of the landing field before 
the start of or during the landing glide. Dihedral 
decreases the ability to sideslip. The rolling due to 
yaw, with dihedral angles above 6°, was sufficient to 
preclude the practical use of sideslipping as a maneuver. 
Evidently, the ability to sideslip and maintenance of 
lateral stability involve opposite considerations con- 
cerning the dihedral and some compromise must be 
made regarding them. As lateral stability is probably 
more important than the ability to sideslip, the opti- 
mum dihedral angle for this airplane with the special 
wing, considering both features, is probably of the 
order of 5° — an angle that will give a fair amount of 
lateral stability and still will permit a limited amount 
of deliberate sideslipping. 

Two-control operation of the airplane. — The two- 
control operation of the airplane — with proper lateral 
stability and lateral control characteristics — offers sev- 
eral distinct advantages, the principal and underlying 
one being the greater simplicity of coordinating two 
controls instead of the present three. With only a 
single control for the rolling and yawing motions, which 
always occur together, the present difficulty of coordi- 
nating the rudder and ailerons in blind flight would be 
eliminated. It would seem, also, that further difficul- 
ties such as that of maintaining the proper angle of 
attack while maneuvering in a wind close to the ground 
and that, encountered by students, of learning to coor- 
dinate the three controls, might be reduced, if not 
entirely eliminated. 

The present tests threw some light on the feasibility 
of two-control operation of the airplane. The tests 
showed that the rudder and elevators can be used satis- 
factorily without the ailerons when the wing has a fair 
amount of dihedral. At small dihedral angles (for 
example, 0°) the roll due to rudder action is too small 
as compared to the directional effect. Turns made 
with the rudder and elevator are accompanied by an 
appreciable amount of skidding at the start and side- 
slipping on recovery to straight flight. Also, if the 
rudder were operated abruptly the course would be 
changed considerably before much rolling took place. 
Control with the standard wing with }i° dihedral was 
satisfactory, but the skidding and sideslipping in turns 
was still present, particularly in abrupt turns. With 
3° and 6° dihedral, the roll due to the rudder was 
greater but at 6° the nose tended to drop in sharp 
turns and a heavy elevator force was required. With 
9° dihedral, the rudder became an extremely sensitive 
rolling control, and required more or less delicate 
manipulation. Beyond the stall within the range of 
angles of attack attained, the rudder gave a fair amount 
of control with the higher dihedral angles. 



The elevator and aileron combination gave better 
control at the smaller dihedral angles than did elevator 
and rudder. An increase of dihedral necessitated 
greater stick forces; for the ailerons having a substan- 
tial amount of adverse yaw, turns became more difficult 
and, at the highest dihedral, impracticable. Large 
positive yaw, on the other hand, caused the nose to 
drop during the entry into turns. 

Apparently, a moderately satisfactory two-control 
system could be developed using the elevator in combi- 
nation with either the rudder or the ailerons. Both 
systems have their limitations. The rudder requires 
a fairly large amount of dihedral, whereas the ailerons 
work better with a small amount of dihedral. It is 
still questionable as to whether the aileron-elevator or 
the rudder r elevator system is best to use. The aileron- 
elevator combination would give roll as the primary 
motion, with the directional control as secondary. 
The ailerons would be useful for raising a wing dropped 
in gusty air during an approach to landing without 
turning the airplane out of the wind. The rudder- 
elevator combination gives yaw as the primary motion 
and would be useful for correcting the course on a cross- 
country flight without going through considerable 
maneuvers. 

Several disadvantages of the two-control system 
were noted during the tests. The maneuverability of 
the airplane was decreased. Under some conditions 
this would be an advantage, as there would be less 
danger of putting the airplane in an awkward attitude. 
On the other hand, great maneuverability and inde- 
pendent control about the three axes may be necessary 
for landing and taking off in gusty air, particularly if 
it is necessary to take off or land cross wind. 

CONCLUSIONS 

1. The wide-chord ailerons offer no advantage over 
narrow-chord ailerons where structural considerations 
will permit the installation of either type. 

2. Spoilers situated on the forward portion of the 
wing give unsatisfactory control because of a lag 
between the movement of the control surface and the 
response of the airplane in roll. 

3. Provided that the lag can be eliminated, these 
spoilers offer a very promising means of obtaining 
control both below and above the stall. The possi- 
bilities of eliminating the lag should be investigated. 

4. A satisfactory lateral control system effective 
throughout the whole flight range of angles of attack 
can probably be developed, utilizing retractable 
spoilers in conjunction with narrow-chord ailerons. 

5. With small dihedral angles, adverse aileron yaw- 
ing moments of fair magnitude offer no difficulty in 
the operation of the airplane in the normal flight range, 
but at angles of attack above the stall, they seriously 
interfere with the possibility of obtaining lateral 
control. 
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6. The importance of the negative yawing moments 
increases with increasing dihedral. A dihedral angle 
may be easily attained at which the yawing moment 
caused by ailerons may induce a rolling moment due 
to the dihedral sufficient to completely counterbalance 
that of the ailerons. 

7. Large positive yawing moments may be as unde- 
sirable as negative yawing moments at angles of attack 
below the stall with low dihedral, as they result in 
depressing the nose of the airplane during the entry 
into steeply banked turns. 

8. The operation of an airplane with two controls 
instead of the usual three is feasible with either the 
elevator-aileron combination or the elevator-rudder 
combination but limits the maneuverability of the air- 
plane. Two-control operation may be desirable for 
certain types of aircraft but further tests are neces- 
sary to investigate its effectiveness under conditions 
requiring that the airplane be landed cross wind in 
gusty air. 



Langley Memorial Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 
Langley Field, Va., May 19, 1984- 
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4. PROPELLER SYMBOLS 



Angle of set of control surface (relative to neutral 
position), 5. (Indicate surface by proper subscript.) 



D, Diameter 

p, Geometric pitch 

p/D, Pitch ratio 

V, Inflow velocity 

V s , Slipstream velocity 

T, Thrust, absolute coefficient CV = 

Q, Torque, absolute coefficient C Q ~- 



1 hp. = 76.04 kg-m/s = 550 ft-lb./sec. 
1 metric horsepower = 1.0132 hp. 
1 m.p.h.= 0.4470 m.p.s. 
1 m.p.s. = 2.2369 m.p.h. 



P n 2 Z> 4 

Q 



P, 

C s , 

v, 
n, 



r 

Power, absolute coefficient C P = pn zj)i> 

Speed-power coefficient = -yj^2 
Efficiency 

Revolutions per second, r.p.s. 
Effective helix angle = tan" 1 ^—j ^ 



5. NUMERICAL RELATIONS 



1 lb. = 0.4536 kg 

1 kg = 2.2046 lb. 

1 mi. = 1,609.35 m = 5,280 ft. 

1 m = 3.2808 ft. 



